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Abstract 


Open circuit voltages (OCVs) for a PEM fuel cell operating at 3.0 atm, 100% relative humidity and in the temperature range of 23-120°C 
were measured. It was observed that the OCV decreased with increasing temperature. Analysis of the partial O) and H, pressures in the feed 
streams revealed that the decrease in partial pressures with temperature were largely responsible for the decrease in OCV. The difference between 
the theoretical and measured OCVs was analyzed based on the literature, calculations, and hydrogen crossover measurements at OCV. It was 
concluded that the difference in OCV is caused mainly by two factors, one is the mixed potential of the Pt/PtO catalyst surface, and the other is 


hydrogen crossover. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


In recent years, great effort in polymer electrolyte membrane 
fuel cells (PEMFCs) R&D has been concentrated on increasing 
the power density, reducing the cost, and improving the reliabil- 
ity/durability [1]. To increase the power density, one approach is 
to increase the single cell performance. High temperature oper- 
ation (> 80°C) of PEMFCs is considered as an effective way to 
improve the performance in terms of reaction kinetics, catalyst 
tolerance, heat rejection and water management [2-13]. It fol- 
lows that high temperature PEM fuel cells are considered to be 
the next generation of fuel cells. 

In the effort to speed-up fuel cell commercialization, the 
National Research Council of Canada has created a horizontal 
fuel cell program, from which a high temperature PEM fuel cell 
project is being funded. In this paper, the open circuit voltages 
(OCVs) of high temperature PEMFCs in the temperature range 
of 23-120 °C were found to be temperature dependent, and their 
values were always lower than the theoretically expected values. 
To date, a quantitative explanation for such OCV behavior has 
not been clear in the literature. One explanation attributes this 
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behavior to H? crossover and/or internal current, as described in 
the fuel cell book written by Larminie and Dicks [14]. A mixed 
potential [15-18] was widely used to interpret the lower open 
circuit voltage in an acidic medium, when compared to the ther- 
modynamic value of the oxygen electrode (about 1.23 V versus 
NHE at 25°C). This mixed potential is a result of the cathodic 
four-electron oxygen reduction reaction (ORR), and the anodic 
oxidation that is considered to be either Pt oxidation [18] or 
the oxidation of impurities [15]. Parthasarathy et al. [12,19,20] 
employed a micro Pt electrode coated with a thin Nafion mem- 
brane, which is similar to a fuel cell cathode/membrane environ- 
ment, and observed behaviour of the open circuit voltage. The 
low OCV values, ~0.9-1.0 V (versus NHE), were attributed to 
the mixed potential and to the effect of contamination. In the 
effort to obtain a broader picture of this fundamental issue, fur- 
ther investigation using literature data, theoretical calculations, 
AC impedance spectroscopy and H2 crossover measurements 
has been conducted and the results are presented in this paper. 


2. Experimental 


Nafion 112 and Nafion 117 membranes (DuPont) were used 
as the proton electrolyte membranes. They were treated in 3% 
HO (aq), and then in 1 M H2SOq4(aq) for 1 h at 60-80 °C, sep- 
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arately, followed by a careful washing step with double distilled 
water. 

Membrane electrode assemblies (MEAs), with an active area 
of 4.4 cm”, were prepared by hot pressing the anode, Nafion 112 
(or 117) membrane, and cathode together. The anodes and cath- 
odes consist of Pt/Ru (20% PtRu/C, E-TEK) and Pt (40% Pt/C, 
E-TEK), respectively, with a total Pt loading of 1.0 mg cm~? 
in each MEA. The MEAs were tested using an in-house single 
cell hardware fed with 100% RH (relative humidity) H» and air 
at a fixed flow rate of 0.1 Lmin—!, and 1 Lmin7!, respectively. 
A bladder pressure of 100 psig was used to hold the single cell 
together and provide sufficient electrical contact between the 
MEA and the graphite bipolar plates. 

A Fideris fuel cell test station controlled with FC Power soft- 
ware was used for OCV data collection. Cyclic voltammetry was 
performed on the fuel cell by simultaneously flushing the cath- 
ode compartment with N2 and the anode with Hp. In this case, 
the anode served as both the reference and counter electrodes, 
and the cathode served as working electrode. 

Hydrogen crossover was measured using a steady state elec- 
trochemical method, during which the fuel cell cathode com- 
partment was flushed with nitrogen to remove Oz, followed 
by applying a potential of 0.5 V (versus hydrogen reference 
electrode) relative to the Hz flushed anode. At this potential, 
all H) that has crossed over from the anode to the cathode 
should be oxidized (hydrogen oxidation reaction, HOR) giving 
a current indicative of the amount of hydrogen that has crossed 
over. 

A Solartron FRA 1260 and a Solartron 1287 potentiostat 
were used for AC impedance measurements at fuel cell open 
circuit voltage conditions. A perturbing amplitude of 5 mV in 
the frequency range of 7000-0. 1 Hz was employed. The purpose 
of OCV AC impedance experiments is to obtain the apparent 
exchange current densities of individual anodic H? oxidation 
and cathodic O2 reduction reactions. 


3. Results and discussion 
3.1. Kinetic parameters 
According to the Butler-Volmer equation, the cathodic and 


anodic kinetic current densities can be expressed as Eqs. (1) and 
(2), respectively [21]: 


6 nao%o Fe NgQ(l—ag)Fne 
k= 10, RT 
(Cathodic ORR on Pt/PtO) (1) 
i = ig, (eee "aH Can) Pra 
(Anodic HOR on Pt) (2) 


In Eqs. (1) and (2), J, and J, are the cathodic and anodic cur- 
rent densities, and iĝ, as well as iP, are the apparent exchange 
current densities for cathodic O reduction and anodic H2 oxi- 
dation reactions, respectively. For simplicity, it is assumed that 
id, and it, can be used to describe the behaviour of the three- 
dimensional catalyst layer structure. For an electrode charge 


transfer controlled process, this assumption should be valid 
[22,23]. R is the universal gas constant (8.314 J mol`! K~!), and 
T is the temperature (K). nao and nay are the electron transfer 
numbers in the rate determining steps for cathodic O2 reduc- 
tion and anodic H2 oxidation reactions, respectively. The value 
of nay is 1.0, which has been widely reported in the literature 
[23-25]. For the value of nao, two cases should be considered. 
The first case is the oxygen reduction polarization curve in the 
literature has two Tafel slopes [12,19,20,26—28]. In the low cur- 
rent density range (higher cathode potential range where the 
electrode surface is partially covered by PtO), where the slope 
is ~60 mV/decade at 25 °C, corresponding to a nao value of 2.0 
for œo % 0.5. For the second case, the Tafel slope in the higher 
current density range is around 120 mV/decade with a nao value 
of 1.0, corresponding to a low cathode potential range where the 
electrode surface is pure Pt. The ne in Eq. (1) can be expressed 
as Ef — Ec, and na in Eq. (2) can be expressed as Ea — Eh, 
where Ef and E} are the thermodynamic electrode potentials 
(or reversible electrode potentials) for cathodic ORR and anodic 
HOR, respectively. However, E% can be decreased by a surface 
Pt—O>» reaction and H? crossover oxidation, which will be dis- 
cussed in detail in a following section. E, and E; are the electrode 
potentials under operation conditions. 

The electron transfer coefficient in Eq. (1), œo, is a tem- 
perature dependent parameter as reported in the literature 
[12,29-32], and can be expressed as: 


A = aST (3) 


where @) pypig = 0.00168 K7! in the temperature range of 
25-250 °C. Therefore, Eq. (1) can be rewritten as: 


$ ngog? TFne NgQ(l-@°T)Fne 
Ie = i9,(e RT — eR) (4) 


Eq. (1) or (4) is for cathodic O2 electroreduction on a Pt/PtO 
surface. A surface cyclic voltammogram (not shown here) of 
the cathode showed that when the cathode potential is >~0.8 V 
(versusNHE) (low fuel cell current density range), the Pt catalyst 
surface will be covered partially by a PtO layer with surface 
coverage of ~0.3 [33-35]. Only when the cathode potential is 
lower than 0.8 V (high current density range), will the catalyst 
surface be pure Pt. It has been demonstrated that the kinetics of 
Oz electroreduction on a pure Pt surface is different from that on 
a PtO surface [28,36,37]. In this paper, the focus is on the OCV 
of a PEM fuel cell, therefore, the high current density reaction 
(where the catalyst surface is pure Pt) will not be perused. For the 
anode side, the electrode potential is unlikely to become positive 
enough to result in a PtO surface. 


3.2. Apparent exchange current densities for the cathodic 
ORR 


In Eq. (1) or (4) for the cathodic reaction, a critical parameter 
is the apparent exchange current density (iĝ), which can be 
measured using AC impedance spectroscopy at OCV fuel cell 
conditions. 

Fig. 1 shows the fuel cell reaction Nyquist plot at 80°C, 
with 3.0 atm of backpressure and at 100%RH. Note that this 
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-Z" (9) 


Z' (9) 


Fig. 1. Nyquist plot for a fuel cell operated at OCV, 80°C, 3.0 atm, and 100% 
RH. 


Nyquist plot is actually a sum of the impedances contributed 
by both the anode and the cathode. As a result, the equivalent 
cathode impedance is much larger than that of the anode by 
an order of ~104, the measured impedance can be treated as 
essentially the cathode impedance. At the high frequency end, 
the X-intercept is the membrane resistance (Rm), which is not 
examined in this paper. The diameter of the semicircle (Ru) 
is the charge transfer resistance at OCV. A proposed equiva- 
lent circuit for the fuel cell reactions is shown as an insert in 
Fig. 1, where R. and Ra are the charge transfer resistances for 
the cathode and anode reactions, respectively. The sum of Re and 
Ra is ROSY, s that is, RX, = Re + Ra. Ce and Ca are charge 
transfer related double layer capacitances for the cathode and 
anode, respectively. Because Re >> Ra, Re is equivalent to the 
Reo; measured. At OCV conditions, if the interrupting volt- 
age is small enough (<5 mV) that the overpotential, nc, is much 
smaller than RT/n,~9a@0F, Eqs. (1) or (4) can then be approxi- 
mated as: 


RT 


He) 
Neo Fl 
aof lO, 


Ne = k (5) 


For AC impedance measurements using a very small AC 


interrupting voltage at OCV, the obtained ROSY, can be 
expressed as Eq. (6) by differentiating Eq. (5): 
on, RT 
GOs = ar =e (6) 


ae naoFig, 


Based on Eq. (6), the apparent exchange current density can 
be calculated if RIO and nao(=2.0) are known. The obtained 
apparent exchange current densities for the ORR at different 
temperatures are listed in Table 1. The data listed in Table 1 
will be used for cathode overpotential calculations using H2 
crossover data and Eq. (4). 
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Fig. 2. Partial pressures of O2, Hz and H20 in the fuel cell feed streams as a 
function of operating temperature, 3.0 atm, and 100% RH. 


3.2.1. Fuel cell OCV 
A fuel cell open circuit voltage, E°CY, can be expressed as: 


OCV 
BOCY = Ft EE (7) 


where Ef and E} can be expressed in the Nernst form shown in 
Eqs. (8) and (9) separately: 


RT 4 
EL = EO + a pin (Po,[H"] ) 


(For cathode reaction : O2 + 4H* + 4e7 —> 2H20) (8) 
RT. /{H+} 

E; = E? + —ln 
2F Pp, 

(For anode reaction : Hy <> 2H" + 2e7) (9) 


In Eqs. (8) and (9), E? and E$ are the standard cathode and 
anode potentials, respectively. Æ? is a temperature dependent 
constant (=1.229 — 0.000846 x (T — 298.15) [38]), E9 is zero 
at any temperature, Po, and Py, are the partial pressures (atm) 
of O and Hg, respectively and [H*] is the molar concentration 
of protons (mol L~!). A theoretical OCV can be calculated by 
deriving Eqs. (8) and (9) to yield Eq. (10): 


OCV RT > 
Evheor = 1-229 — 0.000846 (T — 298.15) + Jr” [Po,(Pa,)] 
(10) 


Fig. 2 shows the temperature dependent partial pressures of 
O2, H2 and H20, respectively, in the feed streams of a fuel cell 
operating at 100% RH and at 3.0 atm of backpressure. Dramatic 
drops in partial pressures of O2 and H2 are observed when the 
temperature is higher than ~80°C. This could be one cause of 
the decrease in fuel cell performance when the operating tem- 
perature is higher than 80 °C, as reported in the author’s previous 
paper [39]. 


Table 1 

Measured apparent exchange current densities at OCV, 3.0 atm, 100% RH and different temperatures 

Temperature (°C) 23 40 60 80 100 120 

iĝ, O2 reduction (A cm~?) 1.22 x 1074 2.43 x 1074 3.92 x 1074 4.60 x 1074 3.43 x 1074 2.24 x 1074 
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Fig. 3. Fuel cell OCVs as a function of temperature, 3.0 atm backpressure, and 
100% RH. 


Based on the data shown in Fig. 2, a fuel cell theoretical 
OCV can be calculated using Eq. (10). Fig. 3 compares calcu- 
lated temperature dependent OCVs at 3.0 atm backpressure, and 
100% relative humidity to those of experimentally tested OCVs. 
A trend of decreasing OCVs with increasing temperature can be 
observed. This is mainly caused by the drops in partial pressures 
of both O2 and H2 with increasing temperature. 

The measured OCVs (ENEN cal, listed in Table 2, are 
all lower than the theoretical OCVs (ee: The difference 
between the theoretical and measured OCVs is mainly caused 


by two different drops in potential (AER O, and A ERS over 


as listed in Table 2). One drop (AERO) is caused by a 
reaction between the Pt surface and Oz, resulting in a mixed 


cathode potential (EOCY.,) [12,18-20,35], and the other drop 
(A ERS rover) is caused by H2 crossover from the anode to cath- 
ode, reacting with O2 reducing the O2 surface concentration, 
resulting in a decrease in the Æ% value by an amount equivalent 
OCV 

to AE -xover 

For a mixed cathode potential, a local-cell mechanism has 
been put forward to explain the Pt-Oz reaction mechanism at 


the electrode in an O2 saturated acidic solution [18,35,40,41]. 


The mixed potential is composed of both the cathodic 
O2/H20 reaction potential (O2 +4H* +4e7 <2H20, E} = 
1.229V (versus NHE)), and the Pt/PtO anode reaction potential 
(Pt+H20 < PtO +2H* +2e7, Ep yPIO = 0.88 V (versus NHE)). 
The local electrochemical reaction on the Pt surface could create 
a PtO surface coverage of 30%, and the remaining 70% remains 
as pure Pt. At steady-state mixed potential, a complete layer of 
Pt—O can never be achieved in order to keep the reaction of Pt to 
PtO continued due to the diffusion of Pt—O into the bulk metal. 
The reported mixed cathode potential is around 1.06 V (versus 
NHE) at standard conditions (25°C, 1.0 atm) [18,35] with an 
O partial pressure dependence of 15 mV atm—!. The tempera- 
ture dependent values of E A listed in Table 2 were calculated 
based on these mixed cathode potentials. The values of A E£ Oe 
in Table 2 were calculated according to Eq. (11). 


OCV OCV OCV 
AEo,—Pt = ETheor ~~ EMixed (11) 


The calculated mixed OCV (EOC) was also plotted as a 
function of temperature in Fig. 3 for comparison. Even when 
the mixed cathode potential is accounted for, ~50-80 mV and 
~20-50 mV difference between the mixed OCVs and measured 
OCVs can still be seen for the MEAs based on Nafion 112 and 
Nafion 117, respectively. It is believed that this difference is 
caused by a secondary factor, that is, H2 crossover. Fig. 4 shows 
Hh crossover current densities as a function of temperature for 
Nafion 112 and Nafion 117 membrane based MEAs. The cathode 
overpotentials caused by H2 crossover were calculated based on 
the H2 crossover current densities of Nafion 112 and Nafion 
117 based MEAs. The corrected curves, which were calculated 
according to Eq. (12) were also plotted in Fig. 3 for comparison: 


OCV — pOCV 
E Corrected z E Measured 


OCV OCV 
T A Eo, -Pı T A Ep, xover (12) 
Where the cathode potential decrease caused by H2 crossover 
(AEBS over) was calculated according to Eq. (4) using the 
Hz crossover current density as J,. In this calculation, it was 
assumed that Hz that has crossed over could react with O2 to 
produce a corresponding cathodic current density in the same 


order of magnitude, resulting in a depression of the cathode 


Table 2 
Open circuit voltages (OCVs) at 3.0 atm, 100% RH and different temperatures 
Temperature (°C) 23 40 60 80 100 120 
Theoretical open circuit voltage (EDCY ) (V) 1.241 1.228 1.210 1.192 1.169 1.136 
Measured open circuit voltage (BOC ea) (V) 
Nafion 117 based MEA 1.011 1.009 1.005 1.000 0.975 0.948 
Nafion 112 based MEA 1.042 1.041 1.039 1.021 1.008 0.985 
Mixed open circuit voltage (EVEY,) (V) 1.060 1.060 1.059 1.056 1.051 1.040 
Open circuit voltage drop caused by surface Pt—-O2 reaction (AER o) (V) 0.182 0.168 0.152 0.135 0.119 0.096 
Open circuit voltage drop caused by H2 crossover (AER over) (V) 
Nafion 117 based MEA i 0.025 0.024 0.022 0.024 0.037 0.052 
Nafion 112 based MEA 0.054 0.049 0.053 0.056 0.071 0.088 
Corrected open circuit voltage (ESY ia a (V) 
Nafion 117 based MEA 1.249 1.234 1.213 1.180 1.164 1.133 
Nafion 112 based MEA 1.247 1.226 1.210 1.191 1.164 1.133 


The fuel cell MEAs were based on Nafion 112 and Nafion 117. 
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potential. It is believed that the H2 that has crossed over can 
form a local half-cell electrochemical reaction on the cath- 
ode, such as H) <> 2H* +2e7, resulting in a mixed cathode 
potential in a similar way to that of the half-cell reaction 
(Pt + H20 <> PtO + 2H* + 2e7 ) does. When calculating cathode 
overpotentials at different temperatures using Eq. (4), the appar- 
ent exchange current densities of the cathodic reduction reaction 
listed in Table 1 were used together with a nao value of 2.0. 
As shown in Fig. 3, for both Nafion 112 and Nafion 117 
membranes based MEAs, the corrected OCVs are fairly close to 
the theoretical OCVs, confirming that the difference between 
the theoretical and measured OCVs is indeed caused by H2 
crossover and the mixed potential. In the literature, the mixed 
potential on a Pt/PtO surface has been widely used to explain 
the difference between the theoretical and measured OCVs 
{12,18-20,35]. H2 crossover from the anode to cathode that 
reduces the cathode potential has also been used to interpret 
this difference [1]. However, on a Pt electrode coated with a 
thin Nafion membrane, which is similar to a fuel cell cath- 
ode/membrane environment, the observed open circuit voltage 
was also around 0.9-1.0 V (versus NHE) [12,19,20]. Because 
the measurements were carried out in a half-cell apparatus, no 
Hp was present in the electrode assembly. Therefore, this lower 
OCV in comparison to the mixed potential, was explained as a 
result of Nafion coating contamination due to impurities rather 
than H2 crossover. In order to confirm H2 crossover caused a 
reduction in cathode potential at the given fuel cell conditions, a 
Nafion 117 based MEA, with the same anode and cathode elec- 
trodes as the Nafion 112 based MEA, was fabricated and used 
to obtain fuel cell OCVs at different temperatures. The mea- 
sured H? crossover current densities and OCVs were plotted in 
Figs. 4 and 5, respectively, together with those of the Nafion 112 
based MEA. It is clear that the OCVs of a Nafion 117 based MEA 
are higher than those of a Nafion 112 based MEA, suggesting 
that a thicker membrane (Nafion 117, ~175 wm) can give higher 
OCVs compared to a thinner membrane (Nafion 112, ~50 wm). 
This is mainly because the H2 crossover through a thicker Nafion 
117 membrane is less than that through a thinner Nafion 112, 
as shown in Fig. 4. This result confirms that Hz crossover is 


@ Nafion 112 based MEA 
E Nafion 117 based MEA 


2 
liz-xover (MA.cm”) 


Temeprature (°C) 


Fig. 4. H2 crossover current densities as a function of temperature at OCV with 
different MEAs, 3.0 atm backpressure, 100% RH. 
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Fig. 5. Measured OCVs as a function of temperature with Nafion 117 and Nafion 
112 based MEAs at 3.0 atm backpressure, 100% RH. 


indeed one of the two major factors causing a reduction in fuel 
cell OCVs. 


4. Conclusion 


Temperature dependent OCVs of a fuel cell were obtained 
in the temperature range of 23-120°C. The measured OCVs 
are always lower than the theoretical values. Based on the liter- 
ature, calculations and experimental measurements, the differ- 
ence between the theoretical and measured OCVs was mainly 
caused by two factors. One is the mixed cathode potential and 
the other is H? crossover. 
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